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Abstract
Lanthanum cobaltite (LaCoO3) perovskite-type oxide is an important conduc-
tive ceramic material finding a broad range of technical applications. Physical and 
chemical properties of the final lanthanum cobalt oxide powder material obtained 
are strongly dependent on the method of preparation. Taking in account these 
considerations, we focus our investigation on the solid state reaction process. 
The characterization of prepared lanthanum cobalt oxide material was studied 
by using X-ray diffractometry (XRD), scanning electron microscopy (SEM), 
thermogravimetry-differential scanning calorimetry (TG-DSC), and conduc-
tion properties. Following the experimental results, it can be concluded that with 
proper improvement, the solid state reaction process may also provide an efficient 
preparation method for perovskite-type LaCoO3 powder. Important to mention is 
that we looked into the aspects to produce again same which showed consistently 
reproducibility of batch to batch powder properties. This is a key factor to overcome 
a successful commercialization of new material synthesis development.
Keywords: perovskite, LaCoO3, oxide powders synthesis, solid state reaction
1. Introduction
The continuous interaction between structure and properties allows several 
intrinsic properties of perovskite materials to advance a very broad range of practi-
cal applications. These oxides are being increasingly applied to electronic and mag-
netic materials [1–3], automotive exhaust and water splitting catalysts [4, 5], and 
electrode materials for fuel cells and batteries [6, 7]. Among these perovskites, the 
cobalt-based type LaCoO3 perovskite ignited interest in the research since the early 
1960s [8, 9] and continues to be the material of the moment. LaCoO3 perovskite 
has been shown to have promising catalytic activity for oxygen evolution reaction 
(OER) [10, 11]. Lanthanum, La, is a relatively large cation and gives structural 
stability to the catalyst. Rare-earth oxides with full or partially filled inner shells of 
lanthanide ions would involve the 4f electrons. The 4f electrons contribute to the 
density of states around the Fermi level, and degenerate strongly, the bandwidth is 
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narrow and steep. The presence of La3+ with no 4f electrons is beneficial because 
the electrical conductivity increases and the effective mass decreases [12].
Cobalt, Co, cation, a transition metal with smaller size than La cation, is respon-
sible for catalytic activity. In its compounds, cobalt nearly always exhibits a +2 or 
+3 oxidation state, although states +4, +1, 0, and −1 are also known [13]. The outer 
electrons of the element are either in the 3d or 4s subshell. Cobalt chemistry is dom-
inated by the behavior of the 3d electrons. Oxidation state of Co helps the LaCoO3 
catalytic activity for OER which can be associated with Co3+ oxidation state. Co3+ 
active sites by absorption of HO− may act as reactants for OER [14]. Electrocatalysis 
at room temperature, in correlation to the fundamental electronic structure, is still 
not fully clarified. For Co3O4 with the band gap of 1.9 eV and LaCoO3 with about 
0.8 eV, the resistivity is 104 and 10 Ωcm, respectively [15, 16].
On the other hand, crystallographic structure is important for the functional 
properties of the oxides. For perovskite, the ideal cubic structure goes through dif-
ferent structural distortions due to the ionic radii differences.
The equation determined by Goldschmidt correlates crystal structures geometri-
cally in terms of the ionic packing using the Goldschmidt’s tolerance factor t. For 
a stable perovskite structure, the tolerance factor should have values between 0.75 
and 1; otherwise, the ideal cubic structure is a distorted structure. Mathematical 
expression involving the unit cell length ratio, here rLa, rCo, and rO, is the ionic radii 
for La, Co, and O respectively; t is given as:
  t =   ( r La +  r O )  _____________ 
 √ 
__
 2  ( r Co +  r O ) 
  (1)
Taking in consideration the Shannon crystal ionic radii for all ions along with 
their coordination numbers [17], the calculated tolerance factor of LaCoO3 is 0.97 
for Co3+ and 0.905 for Co2+.
Experimentally, by neutron diffraction technique, the change of lattice param-
eter with temperature has been observed when the lattice length and angle become 
longer and smaller, respectively, when temperature increases [18].
The crystal structure of LaCoO3, as shown in Figure 1—La atoms, in blue, at corners; 
O atoms, in red, on face centers; and Co atoms, in green, at the center of the lattice—is 
a rhombohedron having R3c symmetry at room temperature. This is considered as the 
most stable: LaCoO3 structure up to around 1698 K when the crystal is cubic [19].
Not only the temperature but also the oxygen partial pressure of environments, 
p(O2) leads the LaCoO3 to a wide range of oxygen deficiency represented by the 
formula LaCoO3−δ with δ being the oxygen deficiency. It is observed that moderate 
oxygen deficiency in LaCoO3-δ causes a slight distortion of the ideal cubic structure 
which is rombohedral [20].
Since the structure-properties relations are strongly dependent on the prepara-
tion method, a lot of interest is focused on their synthesis which ultimately deter-
mines its potential applications.
The aim of this research is to explore the possibility to improve the solid state 
preparation method for obtaining LaCoO3 micro- and nanocrystals, which may 
contribute to the development of a large-scale production route of LaCoO3 with 
controlled properties.
Numerous routes to prepare perovskite powders have been proposed. These 
address various problems involved in the preparation of polycrystalline perovskite 
powder with single phase, resulting in various microstructures and properties.
Among the adopted techniques, solid state reaction [21], mechanochemical 
processing [22], Pechini method [23], combustion synthesis [24], sol-gel method 
[25], and microwave route [26] are widely used.
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Despite these various methods, some technological applications are still limited 
for LaCoO3 compounds. Therefore, knowledge of the preparation conditions and 
optimization of the technical parameters are key challenges.
The advantages like low temperatures used during processing of wet preparation 
routes lead to oxide perovskite powders with high-purity nanoparticles. However, 
these techniques cannot achieve full industrial potential. For instance, major 
drawbacks of these methods are the high costs of raw materials, the large quantity 
of gaseous by-products and waste products such as nitrates, acetates, and additional 
chelating agents used as precursors. The use of such materials requires elaborate 
systems for gas collection and storage since the by-products are poisonous. Their 
significant toxicity is not environmentally friendly, making it not sustainable for 
large-scale applications. In addition to that, these methods involve many stages 
during the synthesis process. One way to circumvent that is to seek solutions for 
adapting clean processing routes to specific needs of the products without alter-
ing the physical and chemical properties of the resulting powders. For instance, if 
particle-size distribution is not especially required for certain applications, solid-
state synthesis route has superior advantage over wet processing routes owing to 
its simplicity, less equipment requirements, and ease of scaling up for industrial 
production.
The elimination of wet processing for perovskite powder preparation means that 
products will cost less both ways, to produce as well to buy, and have an impor-
tant economic advantage. In addition, by mixing dry powdered precursors in the 
Figure 1. 
The crystal structure of rhombohedral LaCoO3.
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stoichiometric ratios followed by heating to obtain the desired reaction product, at 
the end of the reaction, there is no waste to dispose. In this way, the method is also 
environmentally friendly.
The overall price of oxide perovskite powders is strongly influenced by the indus-
trial production route. Solid state reaction technology is resource- and energy-saving. 
The processing route allows one to obtain the reaction products readily in one step by 
using less expensive precursors, without waste products. The upscale of solid-state 
synthesis route resumes to batch production. This is different from flow processing 
which is a continuous production technique that has inflexibility to adjust if the case. 
Additionally, the absence of waste and by-products is another major positive aspect 
regarding the environmental impact of the entire production process. This is why we 
consider this method useful for both environmental protection and industrial use.
In solid state reaction, rates are typically diffusion-limited; consequently, 
decreasing the diffusion distances through intimate mixing of reactants possibly 
contributes to overcome the diffusion barrier in addition to high temperature dur-
ing the thermal treatment. The characteristics of the starting materials impact the 
area of contact between the reacting particles with influence of the rate of reaction.
During the heating regime, a non-isothermal transformation takes place, and 
during the dwell regime, an isothermal transformation takes place. A significant 
kinetic parameter for studying the phase transformation of precursors is the activa-
tion energy Ea, representing the energy barrier for atoms and molecules to move 
and rearrange. For a given differential scanning calorimetry curve with the heating 
rate β, one observes the maximum reaction rate at the peak temperature T.
In this study, the kinetic parameters of solid state transformations are determined 
from the maximum reaction rate at the peak temperature T. For a set of differential 
scanning calorimetry curves under a constant heating rate, the kinetic transforma-




 T 2 
 ) 
 ______
d ( 1 __ T) 
 = − E __
R
 (2)
where β is the heating rate, Ea is the activation energy, T is the absolute tempera-
ture corresponding to maximum process rate, and R is the gas constant.
For the processing the choice of dwell temperature was taking in account 
Tammann’s temperature described as the temperature above which its constitutive 
cations become mobile so that their bulk diffusion is possible [28, 29].
The electrical conduction phenomenon in perovskite materials is very important 
since many properties depend on it. There is a strong correlation between the electri-
cal conductivity of the materials, temperature, and the nature of the sample analyzed.
In bulk materials, two types of conductivity phenomena occur: long-range 
conductivity and localized transport oxygen vacancies. The conduction mechanism 
can be ionic, electronic, or both. The proportion of ionic to electronic conduction in 
the materials varies upon temperature and the purity of material. The variation of 
electrical conductivity with temperature is explained by Eq. (3):
  σ = A  exp  
− E a  ___
KT
  +  Bexp  
− E ab  ____
KT
   (3)
Eq. (4) describes the phenomena at higher temperatures where the intrinsic 
conduction process dominates.
  σ = A  exp  
− E a  ___
KT
   (4)
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For both equations, Ea and Eb are the activation energy for the intrinsic and 
extrinsic conduction processes, respectively, A and B are constants, T is the absolute 
temperature, and K is the Boltzmann constant.
2. Experiment
2.1 Material preparations
The formation of the perovskite phase via solid state reaction was done under 
controlled rates for heating and cooling as well as for the dwell of thermal treatment. 
A 2°C/min rate of heating and cooling was selected. Preparatory trials were carried 
out in order to find the suitable temperature for dwell covering 600–1000°C.
Equimolar quantities of La2O3 and Co3O4 powders from Aldrich, with >99.8% 
purity, were mixed and ground thoroughly in agate mortar. The mixing was done 
with isopropanol from Chimopar SA, purity >96%. For the thermal treatment, the 
powder in alumina crucibles was placed in chamber furnace. Once the powder was 
synthesized, compacted ceramics were prepared by uniaxial pressing technique. 
After this, they were submitted for sintering. Similarly, preparatory trials were 
performed to find out the proper sintering thermal treatment.
2.2 Materials characterization
The crystalline structures of the prepared powders were characterized by heating 
in chamber furnace, environmental air atmosphere, at 50°C increments, making X-ray 
diffraction measurements. A MiniFlex 600 Rigaku analyzer was used. 2θ scans were 
recorded between 5 and 90° and a speed of 1°/min, with resolution of 0.1°/step. The 
as-obtained reflexion patterns are indexed by using the Inorganic Crystal Structure 
Database (ICSD). Lattice constants and quantitative values for the identified phases 
are obtained from the fit to the corresponding X-ray diffraction spectra by using the 
PDXL powder diffraction analysis package from Rigaku. The microstructure and 
morphology of the as-prepared powders were examined using a scanning electron 
microscope VP CARL ZEISS (Field Emission Scanning Electron Microscope—
FESEM) with LaB6 cathode enabling 2-nm resolution. Specimens of powders were 
prepared by depositing it on a conductive carbon-based double-faced adhesive tape. 
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 
measurements were carried out on precursors and their equimolar mixture using STA 
449 F5 Jupiter® from NETZSCH-Gerätebau GmbH. The instrument is equipped with 
Proteus® software to carry out the measurement and evaluation of the resulting data. 
The DSC/TG curves are recorded up to 1273 K, with a heating rate of 10 K/min.
The analyses of electrical properties of the sample were carried out from 133 
to 513 K using Alpha-A Novocontrol Technologies Novocontrol GmbH analyzer in 
conjunction with a continuous nitrogen flow cryostat.
3. Results
3.1 Thermal behavior
Thermal analysis results of precursors, Figure 2, indicate that Co3O4 powder, 
in red color, is stable below 1023 K while La2O3 powder, in black color, exhibits 
several steps of mass loss during the heating regime. La2O3 precursor features three 
weight-loss regions. The first, a gradual weight loss not shown here, is related to 
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the dehydration of free and physically absorbed molecular water and structural 
water from the precursor powder. The second and third regions, more pronounced, 
are associated with the dehydration process from La(OH)3 to La2O3 via LaOOH
−, 
according to the chemical reactions described by Eqs. (5) and (6), respectively:
  La  (OH) 3 →  LaOOH 
−
 +  H 2 O (5)
  2LaOOH 
−
 →  La 2  O 3 +  H 2 O (6)
The total percent weight loss is around 1.88%. The first step, not shown here, of 
weight loss was 0.04%. The next steps correspond to the decomposition of La(OH)3. 
The weight loss in following step was around 0.87%, and in the third step was 0.98%. 
However, it is well known that La(OH)3 can react relatively fast with the water of the 
atmosphere to form hydroxyl phase [28]. The corresponding endothermic peaks on 
the differential scanning calorimetry curve appeared at 581 K and 910 K respectively. 
The corresponding areas are −23.44 and −15.34 μVs/mg, respectively.
The mixture of Co3O4 and La2O3 powder precursor, as can be seen in Figure 3, 
has a weight-loss step, associated with the presence of the La2O3, and after 1023 K, 
an endothermic event is detected around 1073 K. Previous studies have found 
similar features [30]. This is attributed to the ongoing dehydration of LaO(OH) and 
formation of LaCoO3 from a solid state reaction of lanthanum and cobalt oxides, 
following Eq. (7):
  La 2  O 3 +  Co 3  O 4 ➔  LaCoO 3 (7)
No significant thermic effect was registered at higher temperatures. The cor-
responding endothermic peaks on the differential scanning calorimetry curve 
appeared at 1073 K and the area of −147.7, −36.58, and −48.09 μVs/mg, respectively.
Figure 2. 
Weight-loss % diagram for Co3O4 powder, in red color, and La2O3 powder, in black color.
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The kinetic analysis of phase change for a series of non-isothermal tests, 
Figure 4, is applied to estimate the activation energy. This analysis was performed 
for third observed exothermal reaction from differential scanning calorimetry 
data of phase transformation process. The peak temperature T depends on the 
evolution of the sample with the heating rate. The dynamic heating rate influ-
ences the observed peak temperature T of thermal events. These correspond to 
the variations of growth and phase change rate with temperature. The new phase 
formation rate depends on temperature and is independent of time. It is observed, 
in this reaction, the peak temperature has the tendency to slightly shift to the 
higher temperatures as the heating rates increase.
For polycrystalline reactants, the kinetic process depends on factors like 
particle size and shapes of the reacting particles, overlapping effects during 
the formations of the new phase, etc. Solid state reactions are complex and the 
evaluation of kinetic parameters is helpful for the development of approach-
ing the preparation. In this evaluation, we made the assumption of first order 
of reaction. From the plot of rate of reaction ln(β/T2) versus the reciprocal of 
absolute temperature, Figure 5, of as-mixed Co3O4 and La2O3 powder precursors, 
an Ea = 223 kJ/mol is obtained, which seems to be in good agreement with earlier 
results reported [31].
3.2 X-ray diffraction investigation
The analysis of X-ray diffraction pattern corresponding to unmixed and mixed 
precursors as function of temperature treatment is shown in Figure 6. In the 
lowest position of the diagram, the unmixed La2O3 and Co3O4 powder precursors 
are displayed. Going up in the diagram, the mixture of La2O3 and Co3O4 powder 
precursors at room temperature is indicated. The La2O3 powder precursor is tetrago-
nal La2O3 (space group P-3m1) with a = b = 3.933 Å and c = 6.132 Å [32]. Traces of 
hexagonal La(OH)3 (space group P63/m) are detected. The corresponding lattice 
constant values are a = b = 6.529 Å and c = 3.859 Å. Co3O4 powder indicates that the 
precursor is single-phase, with cubic crystal symmetry (space group Fd-3m) [32]. 
The lattice constant value obtained from fit to data is a = 8.038 Å.
Figure 3. 
DSC-TGA plot of Co3O4 and La2O3 precursor powders in mixture.
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Figure 5. 
Variation of ln(β/T2) plot for a set of differential scanning calorimetry scans with different heating rates.
Upon thermal treatment, which is done to favor the formation of end products 
of perovskite of LaCoO3, the X-ray diffraction patterns show the formation of the 
perovskite phase. The XRD data confirm the perovskite LaCoO3 phase is converted 
upon heat treatment starting at 1023 K, growing progressively with increasing 
temperature up to 1273 K. This is followed by a gradual smoothing of the peak 
intensities of the precursor phases. The resulting powder can be indexed on the 
basis of a rhombohedral unit cell; the peaks around 2θ = 33.12° are bifurcated, 
Figure 4. 
Differential scanning calorimetry curves of as-mixed Co3O4 and La2O3 powder precursors at different heating 
schedules.
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which is the characteristic peak for the rhombohedral structure and confirmed by 
the experimental X-ray results as well as previous studies [33, 34].
The prepared LaCoO3 has trigonal crystal symmetry space group R-c3  
[35, 36]. The lattice constant values obtained from fit to data are a = b = 5.444 Å and 
c = 13.104 Å.
The average particle size is calculated from the XRD pattern using Debye and 
Scherrer formula, Eq. (8):
  d =  K λ __________ 
β cosθ
 (8)
where K = 0.94 is the Scherrer constant, λ is the wavelength of the X-ray 
source used, β is the full width at the half maxima, and θ is the Bragg  
diffraction angle.
The result obtained for the average crystallite size by Scherrer’s equation is 294 Å.
Figure 6. 
Room temperature X-ray diffraction patterns of un/mixed La2O3 and Co3O4 powder precursors and LaCoO3 
powders according to the thermal treatment.
Cobalt Compounds and Applications
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3.3 Microscopy analysis
Scanning electron micrograph of LaCoO3 powders obtained by solid state 
synthesis at 1273 K is displayed in Figure 7. The perovskite LaCoO3 powders 
obtained consist of pre-sintered conglomerates of grains. The agglomeration 
tendency is due to the high calcination temperature employed to obtain the single 
phase. The reaction product has well-defined shape and less uniform grain size 
distribution. The high-temperature calcination results in severe agglomeration. 
The sintering of many crystallites during high thermal treatment resulted in the 
larger grains, which are polycrystals. The grain limits and triple junction points 
are well defined.
3.4 Electric properties
In Figure 8, we show the electrical conductivity of our polycrystalline pellets 
pressed and sintered at 1173 K. Greater conductivity differences are noticed to 
depend on the temperature. The tendency of LaCoO3 electrical conductivity is to 
increase when temperature is rising. This behavior of electrical conductivity in 
relation to the temperature indicates the process is thermally activated, which is 
characteristic for semiconductors. For our LaCoO3 sample, semiconducting behav-
ior appears at temperatures above 353 K, whereas metallic behavior was observed at 
temperatures below 353 K. This is in accordance with the previous statements that 
LaCoO3 is ionic at elevated temperatures. The electrical conductivity is p-type for 
both ambient and elevated temperatures. With semiconductors, there are insuf-
ficient mobile carriers at low temperatures and resistance is high; but, as we heat 
the material, more and more of the lightly bound carriers escape and become free 
to conduct. Electrons are excited over the band gap and occupy energy levels in 
conductivity band whereas holes are created in valence band. The band gap in the 
metal is small and the electrons can easily jump to conduction band. For the metal-
lic behavior with increasing temperature above absolute zero, the flowing electrons 
Figure 7. 
SEM micrograph of LaCoO3 powder.
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will run into the atoms in the lattice. This will cause the atoms to move slightly out 
of their lattice sites and to interfere with electrons that travel freely. Effectively, 
they start to block electrons on their path, causing electrons to scatter. The change 
in slope of the conductivity-temperature plot is assumed to be the onset of ionic 
conductivity. LaCoO3 is a mixed conductor with contributions from ionic conduc-
tivity and electronic conductivity.
Figure 8. 
LaCoO3 total conductivity σ depending on absolute temperature in (a) and lnσ depending on absolute 
temperature in (b).
Cobalt Compounds and Applications
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Variation of the electrical conductivity with temperature obeys Arrhenius 
formula, Eq. (9), and is calculated based on the following:
  σ =  σ 0 exp ( − E a  ___KT )  (9)
where σ0 is the pre-exponential factor, Ea is the activation energy, K is the 
Boltzmann constant, and T is the absolute temperature. The activation energy of 
the electrical conductivity was found to be Ea = 74 kJ/mol.
For the undoped LaCoO3 oxide, the oxygen non-stoichiometry is considered to 
determine the carriers for the conduction phenomena. This is believed to be caused 
by the oxygen elimination with increase in the temperature (Figure 9).
The Kröger-Vink set of conventions are used to describe electric charge and 
lattice position for point defect species in crystals. The following ions and vacancies 
are used: La3+, Co2+, Co3+, Co4+, O2−, oxygen vacancies. Making use of these in Eq. 
(10), the defect equilibrium between the charge species and oxygen partial pressure 
can explain the increase of partial pressure of oxygens:
  2  Co Co 
●  +  O O 
x =  V O 
●● + 2  Co Co 
x +  1 _
2
 O 2  (g)  (10)
where  Co Co x =  Co 3+ ,  Co Co ● =  Co 4+ and  O O x =  O 2−. 
Eq. (11) expresses the charge disproportion defect as follows:
  2  Co 3+ ↔  Co 2+ +  Co 4+  (11)
When a voltage is applied to our sintered LaCoO3 sample, a current flow is 
observed. At a given temperature, the type of charge carrier species is not defined. 
Because of this, it is useful to depict the conductivity dependence on temperature. 
The existence of ions is assured by definition, mixed conductors being ionic 
Figure 9. 
Variation of dc conductivity (σ) with inverse of absolute temperature for LaCoO3.
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compounds. Ionic defects have their most pronounced effect on transport proper-
ties, which are ionic conductivity and diffusion. For LaCoO3 samples, the oxygen 
vacancies are the mobile ionic defects.
4. Conclusions
In this study, we successfully used solid state synthesis as a dry method for 
preparation of rhombohedral lanthanum cobaltite LaCoO3 perovskite-type oxides.
The solid state synthesis process is thermally activated and requires high temper-
atures. The X-ray diffraction analysis suggests that LaCoO3 phase nucleates readily at 
973 K. The formation of LaCoO3 occurs gradually with increasing temperature, at the 
expense of precursors’ consumption. At 1273 K, the reaction is essentially complete. 
Thermal analysis suggests that the reaction is accompanied by reversible transfor-
mation of La(OH)3 into La2O3, which is a native surface phase of the oxide phase. 
The reaction kinetics is strongly mediated by Co3O4 transformation. Co3O4 starts to 
transform before its decomposition temperature. The overall electronic transport 
properties exhibited by the prepared powders are typically ionic at elevated tempera-
tures (above 353 K) and are mediated by presence of oxygen vacancy.
The interrelationship between structure and properties is a key element of 
materials science and engineering. Thinking of the variety of oxide perovskite 
materials, each particular application is based on a certain functional property 
of the material. Most macroscopic properties observed in bulk (e.g., crystalline 
quality, ionic conductivity, density, etc.) are the consequence of the constituent 
particles’ properties of the material. For applications, it is essential to know the 
relation between material microstructure and the macroscopic properties in order 
to adjust its performance to more specific requirements and also to keep the fabrica-
tion costs low. Properties like ionic conductivity, for example, make the perovskite 
material promising to be used as a solid electrolyte for solid oxide fuel cells (SOFC). 
Similarly, ferroelectric and piezoelectric behaviors lead to potential applications for 
thermistor, actuator, and piezoelectric transducers, and the property of supercon-
ductivity to superconductors.
We consider this method to be beneficial for both environmental protection and 
industrial applications because it does not have by-products or waste at the end of 
the reaction and the precursors are not expensive. In addition to this, an important 
advantage of this method is the sustainability to scale up the process. We recom-
mend this for batch production which allows flexibility to adjust the process as 
required for a specific application. There is no need for additional facilities to collect 
the gaseous by-products or the waste to collect it and dispose it.
With appropriate optimization, this method we applied to LaCoO3 can be 
applied to other perovskites; the synthesizing parameters like reaction time and 
temperature should be obtained by exploration as performed with the recipe 
presented in this chapter.
We conclude the present work stating that using this conventional method 
as solid state reaction allows obtaining highly single-phase LaCoO3 powders for 
applications and uses of advanced functional materials.
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